Much has been learned about the architecture and function of the circadian clock of Arabidopsis thaliana, a model for plant circadian rhythms. Circadian rhythms contribute to evolutionary fitness, suggesting that circadian rhythmicity may also contribute to agricultural productivity. Therefore, we extend our study of the plant circadian clock to Brassica rapa, an agricultural crop. Since its separation from Arabidopsis, B. rapa has undergone whole genome triplication and subsequent diploidization that has involved considerable gene loss. We find that circadian clock genes are preferentially retained relative to comparison groups of their neighboring genes, a set of randomly chosen genes, and a set of housekeeping genes broadly conserved in eukaryotes. The preferential retention of clock genes is consistent with the gene dosage hypothesis, which predicts preferential retention of highly networked or dose-sensitive genes. Two gene families encoding transcription factors that play important roles in the plant core oscillator-the PSEUDO-RESPONSE REGULATORS, including TIMING OF CAB EXPRESSION1, and the REVEILLE family, including CIRCADIAN CLOCK ASSOCIATED1 and LATE ELONGATED HYPOCOTYL-exhibit preferential retention consistent with the gene dosage hypothesis, but a third gene family, including ZEITLUPE, that encodes F-Box proteins that regulate posttranslational protein stability offers an exception.
INTRODUCTION
The evolution of angiosperm genomes has been characterized by polyploidization through whole genome duplication (WGD) followed by diploidization that is typically accompanied by considerable homoeologous gene loss. Cytogenetic analyses suggested widespread polyploidization among angiosperms (Stebbins, 1950) , and molecular genetic analysis of divergence among paralogous gene pairs has suggested that virtually all angiosperms are ancient polyploids (Blanc and Wolfe, 2004; Cui et al., 2006) , a conclusion supported by recent analyses of genome sequences (Soltis et al., 2009; Paterson et al., 2010) . For example, Arabidopsis thaliana has undergone three paleopolyploidy events, a paleohexaploidy (g) duplication shared with most dicots (asterids and rosids) and two more recent tetraploidy events (a and b) shared with other members of the order Brassicales (Bowers et al., 2003) . Diploid Brassica species, including Brassica rapa (A genome) and Brassica oleracea (C genome), not only share this polyploidization history with Arabidopsis, but have undergone a further whole genome triplication since their divergence from Arabidopsis 13 to 17 (Yang et al., 1999; Town et al., 2006) or perhaps as much as 43 (Beilstein et al., 2010 ) million years ago. B. rapa and B. oleracea are estimated to have diverged ;3.7 million years ago (Inaba and Nishio, 2002) . More recently, probably during human cultivation (<10,000 years ago), B. rapa and B. oleracea have hybridized to form the allotetraploid Brassica napus (canola or oilseed rape) (U, 1935) . Thus, Brassica species afford an excellent system in which to study the evolution of genome structure.
The recent determination of the genome sequence of B. rapa (Wang et al., 2011) now permits a detailed analysis of gene fate after multiple genome duplications. Although B. rapa has triploidized since its divergence from Arabidopsis, the ;42,000 genes in the B. rapa genome are considerably fewer than simple triplication of the ;30,000 genes in the Arabidopsis genome would predict. Thus, there must have been considerable gene loss (fractionation) after triploidization (Wang et al., 2011) , which is consistent with the widespread gene loss seen after other eukaryotic WGD events (Sankoff et al., 2010) . In B. rapa, the extent of gene loss among the three subgenomes is not equal. One subgenome, the Least Fractionated (LF) genome, retains ;70% of the genes during fractionation after triploidization, whereas the other two copies, termed Medium Fractionated (MF1) and Most Fractionated (MF2), retain roughly 46 and 36%, respectively (Wang et al., 2011) . It has been hypothesized that this reflects fractionation of subgenomes MF1 and MF2 in a tetraploid nucleus, with fractionation of the LF genome commencing only after its more recent introduction during formation of the hexaploid (Wang et al., 2011; Cheng et al., 2012; Tang et al., 2012) . However, differential gene loss after tetraploidy in Arabidopsis and Zea mays (maize) has been attributed to different epigenetic marking of the two parental genomes followed by differential silencing and subsequent gene loss Woodhouse et al., 2010; Schnable et al., 2011) . In maize, the mechanism of gene loss involves multiple short deletions resulting from nonhomologous recombination (Woodhouse et al., 2010) .
Does gene function contribute to the frequency of gene loss during fractionation after WGD? The gene dosage hypothesis posits that genes whose products interact with one another or in networks in a dose-sensitive manner should be overretained, because both products are required in stoichiometric balance Birchler and Veitia, 2007; Freeling, 2009) . Consistent with this, B. rapa genes encoding cytoplasmic ribosomal components, or proteasomal components, or transcription factors, are retained at higher frequency (Wang et al., 2011) . We wished to examine the relative retention of B. rapa components of the circadian clock. The architecture of the circadian clock is that of a network of multiple interconnected negative feedback loops (McClung and Gutiérrez, 2010) . Many clock genes exhibit dose sensitivity (Millar et al., 1995; Somers et al., 2004) . In addition, many clock components form complexes with other clock components (Lu et al., 2009; Pruneda-Paz et al., 2009; Nusinow et al., 2011; Herrero et al., 2012) . Therefore, we hypothesized that genes encoding components of the circadian clock should be retained at higher frequency than other categories of genes and tested this hypothesis with a set of 60 circadian clock and clock-associated genes. Indeed, this set of 60 clock genes was retained at a higher frequency than many comparator gene sets, including a set of randomly chosen genes, the set of neighboring genes flanking the clock genes, and a set of core eukaryotic genes.
RESULTS

Copy Number Variation of Circadian Clock Genes in B. rapa
Sixty genes involved in the Arabidopsis circadian clock network (see Supplemental Table 1 online) (Harmer, 2009; McClung and Gutiérrez, 2010; Pruneda-Paz and Kay, 2010) were used as seed sequences to identify homoeologs in B. rapa using a combination of BLAST searches and syntenic analysis. Because of the well-conserved microsynteny between Arabidopsis and Brassica (Parkin et al., 2005) , analysis of a 21-gene window including both the Arabidopsis clock gene and the 10 genes on either side allowed the identification of microsyntenic regions in B. rapa. The analysis of Parkin et al. (2005) predicts that the B. rapa genome should include 157 microsyntenic blocks corresponding to the 60 Arabidopsis clock genes. The higher resolution afforded by the whole genome assembly allowed the identification of an additional 17 syntenic regions for a total of 174 B. rapa syntenic regions for the Arabidopsis clock genes. Fifty-one Arabidopsis clock genes were in regions present in B. rapa in three syntenic blocks, eight were in two syntenic blocks, and one was in four syntenic blocks.
Whole genome analysis of the B. rapa genome has established that the three subgenomes can be distinguished by the degree of fractionation (gene loss) (Wang et al., 2011; Cheng et al., 2012; Tang et al., 2012) . We assigned each of our syntenic blocks to one of the three subgenomes LF, MF1, and MF2 (see Supplemental Table 2 online).
In total, 114 clock gene homoeologs were identified in B. rapa (http://brassicadb.org/brad/). Among these 114 copies, 106 (93%) were located in the 174 syntenic regions and eight clockgene homologs (7%) were identified at nonsyntenic sites. We also identified two clock homoeologs that had undergone tandem duplication and another clock homoeolog that had undergone tandem triplication in B. rapa (see Supplemental Figure 1 online).
Differential Retention of Clock Genes
The gene dosage hypothesis predicts that genes whose products are dose-sensitive, interacting either with other proteins or in networks, should be overretained Birchler and Veitia, 2007) . We compared the retention of circadian clock genes relative to the retention of three other gene sets: the set of 1200 neighboring genes (10 on either side) flanking the 60 clock genes, a set of 458 core eukaryotic genes, and a third set of 458 randomly selected genes from the microsyntenic regions corresponding to the clock genes. Circadian clock genes have been retained after triplication and fractionation in B. rapa at a significantly higher rate than each of the three comparison groups (Figure 1 ). Overall, 58% of the clock genes have been retained in the syntenic regions, relative to 42% of neighboring genes, 51.3% of the core eukaryotic genes, and 44.2% of randomly selected genes (chi square = 33.6, P < 0.001). Most (;65%) clock genes were retained in two or three copies, which is significantly greater than the retention of any of the other gene sets ( Figure 1A ). Similar numbers (;15%) of clock and core eukaryotic genes were retained in three copies. Significantly fewer (only 4/60 = 6.7%) of the clock genes were completely lost than for any of the other gene sets ( Figure 1A ).
The proportion of homoeologs retained varied among the three subgenomes ( Figures 1B and 1C ). In the LF subgenome, significantly more clock-gene homoeologs were retained than for each of the other gene sets. In the MF1 and MF2 subgenomes, clock genes showed similar retention rates compared with the core eukaryotic genes, and both gene sets were retained in significantly greater proportion than either the neighboring or randomly selected gene sets ( Figures 1B and 1C) . The distribution of retained clock-gene homoeologs among the subgenomes differed from the distributions of the other gene sets-approximately one-half of the retained clock-gene homoeologs were in the LF, which is a greater proportion than for the other three gene sets (see Supplemental Figure 2 online).
Footprint of a Myb Domain Gene Family in Eudicots
Two single myeloblastosis (Myb) domain transcription factors, encoded by CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY), play critical roles in the central loop of the Arabidopsis clock (Harmer, 2009; McClung, 2011) . CCA1 and LHY are the founding members of a CCA1/ LHY/REVEILLE (RVE) gene family of 10 members. In addition to CCA1 and LHY, many other members of this family, including RVE1 (Rawat et al., 2009) , RVE2 (Zhang et al., 2007) , RVE7 (Kuno et al., 2003) , and RVE8 (Farinas and Mas, 2011; Rawat et al., 2011) , have been shown to play roles in clock function or regulation of clock output pathways in Arabidopsis. We therefore characterized this gene family in B. rapa and identified 18 RVE homoeologs. We also identified five RVEs in each of Vitis vinifera and Carica papaya and 12 RVEs in Populus trichocarpa and used these sequences to construct a phylogenetic tree by maximum likelihood using MEGA5 (Tamura et al., 2011) (Figure  2 ; see Supplemental Figure 3 online). The RVE family is divided into two clades, which we will refer to as the LHY and RVE8 clades. We included V. vinifera, P. trichocarpa, and C. papaya in our analysis, because they did not undergo the a and b duplications and therefore allow the identification of the RVE genes that predated those duplication events as those common to all five species: LHY, RVE7, and RVE1 in the LHY clade and RVE3, RVE6, and RVE8 in the RVE8 clade. RVE7 is missing from V. vinifera and C. papaya but is present in P. trichocarpa, Arabidopsis, and B. rapa. This suggests that RVE7 was lost from C. papaya after the divergence of the Brassicales. V. vinifera either lost RVE7 after its divergence from P. trichocarpa or RVE7 originated by duplication from RVE1 and RVE2 after that divergence; these data do not permit us to distinguish between these two possibilities. CCA1, RVE2, RVE4, and RVE5 are restricted to the Brassicales and therefore probably originated in the a and b duplications. We also included Amborella trichopoda, a basal angiosperm that is the earliest diverging species on the flowering plant tree of life and that did not undergo the g duplication event (Jiao et al., 2011) . A. trichopoda has three RVE family members, LHY, RVE1, and RVE6, indicating that these three RVE genes originated with duplication events preceding the g event. This conclusion is consistent with evidence supporting duplications in a number of gene families, including PHYTOCHROME (Mathews and Sharrock, 1997; Mathews, 2006) , the TIR1/AFB genes encoding auxin receptors (Parry et al., 2009) , and many transcription factor gene families (Prigge and Clark, 2006; Hu et al., 2008) .
Syntenic Analysis of the RVE Family in Eudicots
To refine our understanding of the timing of the duplications that resulted in Brassicales-specific RVEs, we more closely investigated microsynteny in the regions flanking these RVEs. Both C. papaya and V. vinifera have single LHY/CCA1 loci, whereas Arabidopsis has four LHY/CCA1 loci as a result of the a and b duplications. We identified these four regions of microsynteny by comparison of Arabidopsis with V. vinifera and C. papaya using CoGE (short for comparative genomics) (Figure 3A ; see Supplemental Table 3 online). This indicates the LHY/CCA1 locus duplicated in the b duplication, yielding LHY on Arabidopsis chromosome 1 and CCA1 on Arabidopsis chromosome 2. After the a duplication, only single copies of each of LHY and CCA1 were retained ( Figure 3A) . Most of the Arabidopsis genome is represented in three syntenic blocks in B. rapa, because of the Brassica-specific genome triplication. After fractionation in B. rapa, LHY has been retained in two copies, and CCA1 has been retained in a single copy. There are also two copies of the LHY/ CCA1 locus in P. trichocarpa because of the salicoid duplication, which occurred independently of the duplications in the Brassicales. Two RVEs, RVE2 and RVE4, are restricted to the Brassicales and therefore probably originated in the b and a duplications, respectively ( We also investigated RVE3 and RVE5 in the same way as LHY/CCA1. This analysis suggests that the RVE5 copy retained in Arabidopsis arose during the a duplication ( Figure 3B ). Moreover, this microsynteny analysis also clarifies relationships among the RVE genes in V. vinifera. In V. vinifera, the RVE ortholog (GSVIVT01026956001) is most similar to At-RVE6 on the basis of sequence similarity, but because of microsynteny of the flanking genes, it is clear that this is in the RVE3/RVE5 syntenic position and therefore represents the V. vinifera RVE3 ortholog.
Evolutionary History of the LHY/CCA1/RVE Family in Eudicots
Based on phylogenetic and syntenic analysis, we have constructed a possible evolutionary history of the LHY/CCA1/RVE family (see Supplemental Figure 3 online). Before the divergence of the Brassicales, the family included LHY and five RVE genes (RVE1, RVE7, RVE3, RVE6, and RVE8). (Figure 2 ; see Supplemental Figure 3 online). The gene family further expanded in the Brassicaceae. In the current Arabidopsis genome, two new family members, CCA1 and RVE2, are descended from LHY and RVE1, respectively, in the b duplication, and two additional family members (RVE4 and RVE5) arose from RVE8 and RVE3, respectively, during the a duplication (see Supplemental Figure 3 online). Thus, in the Brassicaceae, the size of the LHY/CCA1/RVE family increased by one-third after the a and b duplications and doubled in the B. rapa genome after triplication and fractionation.
Triplication and Fractionation of PRR Genes in B. rapa
Phylogenetic analysis indicates that there are three clades of PSEUDO-RESPONSE REGULATOR (PRR) genes in angiosperms (Matsushika et al., 2000; Takata et al., 2010) , and recent research in a basal land plant, the moss Physcomitrella patens, also identified four PRR genes (Satbhai et al., 2011) , suggesting a very early origin in plant evolution. Here we focus on the PRR gene family in B. rapa after its divergence from Arabidopsis. Despite the two genome duplications in Arabidopsis after its divergence from C. papaya, only single copies of each PRR gene are retained in Arabidopsis, indicating substantial gene loss during fractionation. However, there has not been similar gene loss after the genome triplication in B. rapa. Earlier work, based on partial genome sequence and DNA gel blot hybridization analyses, indicated an expansion of the PRR gene family in B. rapa relative to Arabidopsis (Kim et al., 2007; Kim et al., 2012) . We again used microsynteny analysis to determine the retention status of each PRR gene in blocks of 21 genes (10 genes on either side) flanking each PRR in B. rapa. PRR genes have been retained at a significantly higher rate than their neighboring genes (73.3 versus 41.3%; P < 0.05 as determined by chisquare analysis) (Figure 4) . All five PRR genes have been retained in the LF subgenome, but only a single intact PRR gene, CCA1/LHY/RVE phylogenetic tree is shown on the left, and the species tree is shown on the top. The a, b, g, and salicoid duplications and the Brassica-specific triplication are indicated on the branches of the trees. The CCA1/LHY/RVE phylogenetic tree was constructed from protein sequences using maximum likelihood (MEGA 5), and the species tree is modified from Beilstein et al. (2010) . (A) Microsynteny analysis, derived with the CoGe comparative genomic tool , indicates that LHY is the ancestral gene and that CCA1 arose during the b duplication in the Brassicales. LHY and CCA1 duplicates that originated during the a duplication have been lost during fractionation. (B) Microsynteny analysis indicates that Arabidopsis RVE5 arose from RVE3 during the a duplication and that other copies have been lost during fractionation. The species tree (Beilstein et al., 2010 ) is indicated at the top. Chromosomes are indicated by vertical lines, and genes are indicated by orange triangles (clock genes) and blue circles (flanking genes). Genes with no syntenic matches in the selected regions are not plotted. At, Arabidopsis; Br, B. rapa; Cp, C. papaya; Pt, P. trichocarpa; Vv, V. vinifera. PRR5c, has been retained in the MF2 subgenome. Each PRR gene has been retained in the MF1 subgenome, although two of those copies, PRR3b and PRR9b, are predicted to be nonfunctional because of rearrangements and partial deletions. In total, we identified 11 PRR genes in the B. rapa genome, including one partially deleted copy, PRR9b, and one possible gene fusion involving PRR3b.
Partial Deletion and Gene Fusion of PRR genes in B. rapa
In Arabidopsis, PRR9 exhibits partial functional redundancy with PRR7 and PRR5 (Farré et al., 2005; Nakamichi et al., 2005; Salomé and McClung, 2005; Nakamichi et al., 2010; Salomé et al., 2010) . In Arabidopsis, PRR9 (At2g44790), which shows a greater rate of substitution than other PRR family members (Takata et al., 2010) , has duplicated to yield a second tightly linked copy (At2g46670) that is nonfunctional because of the deletion of the Pseudo-Receiver (PsR) domain (Takata et al., 2010) . We identified two copies of PRR9 in the B. rapa genome, one in the LF subgenome, and a second, Br-PRR9b, in the MF1 subgenome. Br-PRR9b is probably nonfunctional, because of a partial deletion of PsR domain, as in Arabidopsis. However, two pieces of evidence argue that Br-PRR9b is derived from At-PRR9 (At2g44790) through WGD and is not derived from the At-PRR9 pseudogene (At2g46670). First, the truncations are different between the two pseudogenes. Second, the gene order of flanking genes in this microsyntenic region is consistent with this B. rapa pseudogene being derived from At-PRR9 (At2g44790) during WGD followed by partial gene loss. We find no evidence for copies of the At-PRR9b pseudogene (At2g46670) in the B. rapa, C. papaya, P. trichocarpa, or V. vinifera genomes ( Figure 3A) , which suggests that At-PRR9b (At2g46670) originated in an Arabidopsis-specific event that occurred after the divergence of Arabidopsis from B. rapa. The tight linkage of PRR9 and CCA1 in Arabidopsis and B. rapa is conserved in P. trichocarpa and V. vinifera, suggesting that the PRR9 homoeolog linked to LHY was probably lost in the Arabidopsis-Brassica lineage after the b duplication.
A second rearrangement has affected Br-PRR3b, the MF1 subgenome copy of PRR3. In both Arabidopsis and B. rapa, PRR3 lies upstream of two protein kinase C genes that apparently resulted from a tandem duplication that occurred before the divergence of Arabidopsis and B. rapa. Some gene prediction programs (e.g., FGENESG [http://linux1.softberry.com/ berry.phtml?topic=fgeneshandgroup=programsandsubgroup= gfind]) suggest that Br-PRR3b (Bra020263) and its downstream neighbor, Bra020264, represent a gene fusion capable of expressing a fusion protein consisting of two domains, an N-terminal CCT domain derived from a partially deleted Br-PRR3b and a protein kinase C domain derived from Bra020264, the ortholog of At5g60090 ( Figure 5 ). This would offer the potential for acquisition of novel function. However, to date we have been unable to detect RT-PCR evidence for expression of this chimeric gene, Bra020263/Bra020264, although we have detected transcripts from each individual gene. In Arabidopsis, the PRR3 gene offers an example of subfunctionalization in that its expression is restricted to the vasculature (Para et al., 2007) , in contrast with other PRRs, which exhibit widespread expression. In addition, PRR3 also has acquired the novel function of regulation of TIMING OF CAB EXPRESSION1 (TOC1) stability through direct protein-protein interaction (Para et al., 2007) . This contrasts with the roles of TOC1 and PRR5, PRR7, and PRR9 as 
Proposed Evolutionary History of the ZTL/LKP2/FKF Family in B. rapa
Regulated protein degradation is essential for oscillatory gene expression in the circadian network (Somers and Fujiwara, 2009; van Ooijen et al., 2011) . In Arabidopsis, ZEITLUPE (ZTL) and its close relatives LOV KELCH PROTEIN2 (LKP2) and FLAVIN BINDING, KELCH REPEAT, F-BOX1 (FKF1) encode F-box proteins with an N-terminal LOV domain, a central F-box, and a series of Kelch repeats at the C terminus. These three proteins contribute to the determination of circadian period length through the regulated degradation of TOC1 via recruitment to an SCF ubiquitin E3 ligase that targets TOC1 for proteasomal degradation, although ZTL is the predominant determinant of period length among the three (Somers et al., 2000; Baudry et al., 2010) . Although FKF1 has an apparently minor and largely redundant role in circadian period determination, loss of FKF1 function results in a dramatic delay in flowering (Nelson et al., 2000) .
We used a combination of phylogenetic and syntenic analyses to evaluate the evolutionary history of the ZTL/LKP2/FKF family in B. rapa. On the basis of sequence similarity, ZTL and LKP2 are most closely related; with FKF1 more distantly related (see Supplemental Figure 4 online). Our analysis suggests that ZTL and LKP2 arose in the Brassicaceae lineage in the b duplication after divergence from C. papaya, which has ZTL but not LKP2 ( Figure 6A ). However, neither ZTL nor FKF1 are retained in the B. rapa genome ( Figure 6A ). This result is surprising, given the importance of ZTL and FKF1 to circadian period determination and flowering time, respectively. Despite loss of both genes, B. rapa accessions retain a circadian (;24 h) period, and some accessions flower very early (Xu et al., 2010; Lou et al., 2011) . We first confirmed that loss of ZTL and FKF1 has also occurred in B. oleracea (see Supplemental Table 4 online), which also retains a ;24-h circadian period (Salathia et al., 2007) and exhibits a range of flowering times (Camargo and Osborn, 1996) . Thus, we conclude that ZTL and FKF1 were both lost in the Brassica lineage after its divergence from Arabidopsis but before the separation of B. rapa and B. oleracea. Apparently, LKP2, which has been retained in both B. rapa and B. oleracea, or some other gene(s) fulfills the functions of ZTL and FKF1 in these two Brassica species (as well as in B. napus, which is a hybrid between B. rapa and B. oleracea). This gene family clearly does not exhibit preferential retention after the Brassica WGDs and is thus distinguished from the larger set of circadian clock genes.
We also observed that LKP2 has been retained in only one of the three regions of microsynteny of B. rapa to Arabidopsis but that three tightly linked copies of LKP2 are found in the predicted LF subgenomic region, indicating a local triplication ( Figures 6A and 6B ). BrLKP2a and BrLKP2c are in the same gene orientation, but BrLKP2b is in the inverted orientation ( Figure 6B ). Additionally, a gene orthologous to At4G24990 encoding a geranylgeranylated protein of unknown function has been inserted between Br-LKP2a and Br-LKP2b. Thus, the events associated with this triplication were likely complex. The genomic organization of the retained LKP2 region in B. rapa is similar in B. oleracea (see Supplemental Table 4 online), indicating that this triplication and rearrangement occurred after separation from Arabidopsis but before separation of B. rapa and B. oleracea.
As discussed above, Arabidopsis ZTL, LKP2, and FKF1 have overlapping roles in circadian period determination, with that function predominantly specified by ZTL, whereas FKF1 has the major role in flowering time determination (Nelson et al., 2000; Somers et al., 2000; Baudry et al., 2010) . It will be very interesting to determine whether the three copies of LKP2 in B. rapa and B. oleracea have undergone functional specialization. Analysis of the domain structure suggests that this may be the case. Although At-ZTL, At-LKP2, and At-FKF1 all have multiple Kelch repeats at the C terminus, At-FKF1 has one fewer repeat (four) than do At-ZTL and At-LKP2 (five each). In B. rapa and B. oleracea, LKP2c has one fewer repeat (four) than LKP2a and LKP2b (five each). RT-PCR analysis indicates that all three genes are expressed. It will be important to assess function through mutational analysis. Although a robust TILLING population exists for B. rapa (Stephenson et al., 2010) , the tight linkage among the three LKP2 copies precludes the easy construction of mutant strains with defects in multiple LKP2 genes. Alternate strategies, such as the use of artificial microRNAs (Schwab et al., 2006) or transgenic rescue of Arabidopsis mutants with Brassica genes, should allow the functional analysis of Brassica LKP2 genes.
DISCUSSION
WGDs have been proposed to be important in the evolution of complexity in multicellular eukaryotes (Ohno, 1970; Edger and Pires, 2009 ). There is evidence for ancient WGD in basal angiosperm lineages, and a paleohexaploid event is believed to have occurred close to the eudicot divergence (Soltis et al., 2009 ). Although there is no evidence for WGD in Amborella and gymnosperms, effectively all extant angiosperms are believed to have undergone at least one and often multiple WGD events (Soltis et al., 2009; Jiao et al., 2011) . WGD may have led to dramatic increases in species richness in several angiosperm lineages, including Poaceae, Solanaceae, Fabaceae, and of particular relevance to our study, Brassicaceae. Most families in the Brassicales are small, but lineages for which there is strong evidence for recent genome triplication (e.g., the Cleomaceae and Brassicaceae) are species-rich, with 300 species in the Cleomaceae, and 3710 species in the Brassicaceae (Soltis et al., 2009) .
WGD is typically followed by substantial gene loss (fractionation), However, the gene balance hypothesis predicts that genes whose products participate in macromolecular complexes or in transcriptional or signaling networks are more likely to be retained, because the imbalance associated with loss of one member of a complex or network is likely to decrease fitness Birchler and Veitia, 2007; Edger and Pires, 2009; Freeling, 2009) . Consistent with this hypothesis, some gene functional categories, including genes encoding ribosomal proteins, transcription factors, photosystem components, and signal transduction components, have been preferentially retained after WGD in Arabidopsis (Maere et al., 2005; Freeling, 2009 ) and other taxa (Edger and Pires, 2009; Coate et al., 2011) . Similarly, genes that are highly connected within metabolic networks exhibit preferential retention in Arabidopsis (Bekaert et al., 2011) . Many clock genes exhibit dose sensitivity; many encode transcription factors and constituents of multiprotein complexes (Harmer, 2009; McClung, 2011; Nusinow et al., 2011; Herrero et al., 2012) . Others, including CCA1, are highly networked (Gutiérrez et al., 2008; McClung and Gutiérrez, 2010) . Consistent with the predictions of the gene dosage hypothesis, we observe preferential retention of B. rapa genes encoding clock components relative to comparison gene sets. This preferential retention was statistically significant for clock genes as a whole and was especially evident for the CCA1/LHY/RVE and PRR gene families, but was not observed in the small ZTL/FKF1/ LKP2 gene family. The former two families encode transcription factors, which typically display preferential retention (Maere et al., 2005; Edger and Pires, 2009; Freeling, 2009; Coate et al., 2011) . The latter ZTL/FKF1/LKP2 proteins participate in protein (SCF) complexes that serve as an E3 ubiquitin ligases that target proteins for proteasomal degradation, with ZTL, LKP2, and FKF1 providing substrate specification (Somers et al., 2000; Baudry et al., 2010) . Beyond noting that these genes are associated with posttranslational regulation of substrate protein stability, rather than with transcriptional networks, we cannot offer any molecular explanation of why the genes encoding these proteins offer exceptions to the gene dosage hypothesis.
Consistent with the observations of others, we find that gene loss from the three subgenomes in B. rapa is biased, and the three subgenomes show preferential retention of clock genes relative to neighboring genes and other comparison gene sets. In other species, this nonequivalence among duplicated subgenomes has been extended to gene expression. For example, in recently resynthesized Arabidopsis suecica-like allotetraploids, gene expression is biased in favor of the Arabidopsis arenosa over the Arabidopsis genome (Wang et al., 2006) , and this bias extends to the clock gene CCA1 (Ni et al., 2009 ). Similar results have been observed in the recent natural allotetraploid Tragopogon miscellus (Buggs et al., 2010) as well as in much older cotton allotetraploids (Flagel and Wendel, 2010) . Similar subgenome dominance has recently been reported for the maize subgenomes that resulted from an ancient duplication (Schnable et al., 2011) . At this time, we have no data directly addressing relative expression levels among the different subgenomes in B. rapa, although such experiments clearly are of interest.
Eukaryotic evolution has been characterized by increasing morphological complexity, and it has been argued that WGD coupled with the retention of duplicated genes because of the necessity of genome balance provide impetus toward increasing morphological complexity . We postulate that WGD duplication followed by retention of dosesensitive circadian clock genes has permitted the evolution of increasingly complex circadian clock mechanisms. The model of the circadian clock developed in Arabidopsis shows multiple interlocked feedback loops (Figure 7 ) (Harmer, 2009; McClung, 2011) . However, in more basal taxa, only a single loop has been described. The simplest eukaryotic example described to date is the clock of the unicellular green alga, Ostreococcus tauri, which apparently consists of a single loop of CCA1 and TOC1 (Corellou et al., 2009; Troein et al., 2011) . The moss clock of P. patens includes two CCA1 genes, four PRR genes, ELF3, ELF4, and LUX, but lacks orthologs of TOC1, GI, and ZTL/LKP2/FKF1, and it has been suggested that this reduced cast is organized into a single loop (Holm et al., 2010) . Whether the P. patens clock includes a single or multiple loops is not firmly established; P. patens does have the constituents of the evening complex, which, in Arabidopsis, includes LUX, ELF3, and ELF4 Herrero et al., 2012) , and LUX is a negative regulator of PRR9 . Nonetheless, P. patens lacks TOC1 and GI, two of the key evening loop components of the angiosperm clock, and therefore has a simpler architecture. During the evolution of the green lineage, the circadian clock has become increasingly complex, and the common angiosperm ancestor of monocots and eudicots had components sufficient to construct a circadian clock consisting of multiple interlocked feedback loops (Takata et al., 2010) . It seems reasonable that repeated WGD events facilitated that increase in complexity, which raises the question of the consequences for clock architecture and function of more recent polyploidization events, such as those in poplar and Brassica.
Explanations for the architectural complexity of the plant circadian clock have included enhanced robustness and increased flexibility, particularly in light of environmental noise and seasonally changing photoperiod (Troein et al., 2009; Edwards et al., 2010) . However, the O. tauri clock is architecturally simple yet both robust and flexible ). An alternate view is that the evolution of complexity in the angiosperm Clock networks in O. tauri (A), P. patens (B), Arabidopsis (C), and B. rapa (D). The so-called morning and evening loop components are shown in yellow and gray, respectively. The evening complex, composed of LUX, ELF3, and ELF4, is shown as EC. The Arabidopsis clock network is simplified from that of Pokhilko et al. (2012) , and the other networks are based on that of Arabidopsis. Regulatory relationships shown in the other networks are largely extrapolated from the Arabidopsis network rather than based on experimental analysis. Arrowheads indicate positive regulatory relationships, and T-shaped arrows indicate negative regulatory relationships.
circadian clock was not necessary for clocks to be flexible, but rather has been exploited for that purpose. In that sense, the architectural complexity of the plant circadian clock may recall the spandrel metaphor (Gould and Lewontin, 1979) , in which complexity arose as a necessary byproduct of WGD but subsequently has been exploited to the end of increased flexibility, both in terms of entrainment (responsiveness to environmental signals) and in terms of fine-grained temporal regulation of output pathways.
METHODS
Identification of Clock Genes and Comparison Gene Sets
The coding sequences of the 60 Arabidopsis thaliana circadian clock genes that constituted the set of clock genes used in this study (see Supplemental Table 1 online) were retrieved from the Arabidopsis TAIR9 database (http://www.Arabidopsis.org/tools/bulk/sequences/index.jsp). Brassica rapa homologous regions of Arabidopsis clock genes were retrieved from the BRAD database (http://brassicadb.org/brad/) based on BLASTn search (E-value threshold 1e-10) (Altschul et al., 1990) . FGENESH (http://mendel.cs.rhul.ac.uk/mendel.php?topic=fgen-file) and Genescan (Burge and Karlin, 1997) were used to predict protein coding open reading frames with parameters optimized for Arabidopsis. Mispredicted genes were manually modified based on the intron-exon structure of known Arabidopsis genes. For predicted genes lacking a conserved domain (like PRR3b) or for partially deleted genes, we searched the Brassica database for corresponding expressed sequence tags and reannotated the gene.
Homologs of Arabidopsis clock genes in Vitis vinifera, Carica papaya, and Populus trichocarpa were retrieved from Phytozome v7.0 (http:// www.phytozome.net/).
The core eukaryotic genes and random genes were downloaded from CEGMA (Parra et al., 2007) (http://korflab.ucdavis.edu/Datasets/cegma) and used to search the Brassica database using BLAST. BLAST results were parsed with BioPerl's Bio::Tools::BPlite module (Stajich et al., 2002) .
Phylogenetic Analysis of Clock Genes
Predicted protein sequences were deduced from FGENESH analysis, and then the CCA1/LHY/RVE, PRR, and ZTL/LKP2/FKF families were aligned by CLUSTALW (Larkin et al., 2007) . The alignments (see Supplemental Data Sets 1 and 2 online) were further corrected based on the exon-intron structure from Arabidopsis. A phylogenetic tree was then constructed by the maximum likelihood method, and bootstrap values were calculated with 1000 replications using MEGA5 (Tamura et al., 2011) .
Chromosomal Synteny Analysis of Clock Genes
Conservation of chromosomal synteny around the circadian clock genes in V. vinifera, C. papaya, P. trichocarpa, and Arabidopsis are derived with CoGe from the data sets at (http://synteny.cnr.berkeley.edu/wiki/index.php/Syntenic_gene_sets). Chromosomal synteny between Arabidopsis and Brassica are extracted from the Brassica database (BRAD; http://brassicadb.org/brad/).
Accession Numbers
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